ABSTRACT: Effects of 3 ionophores and 2 antibiotics on in vitro H 2 S production, IVDMD, total gas production, and VFA profile with or without added S were examined. In Exp. 1, ruminal fluid from 2 ruminally cannulated steers fed a steam-flaked corn-based diet (75% concentrate) without ionophore and antibiotics for 28 d before collection was used to inoculate in vitro cultures. Treatments were control (no ionophore or antibiotic), 3 ionophores (lasalocid sodium and monensin sodium at 5 mg/L or laidlomycin propionate at 1.65 mg/L), and 2 antibiotics (chlortetracycline hydrochloride at 5 mg/L and tylosin tartarate at 1.25 mg/L). Cultures also had 0 or 1.75 mg of S/L (from sodium sulfate). No S × ionophore-antibiotic treatment interactions were noted (P > 0.53) for IVDMD, total gas production, and H 2 S production. Hydrogen sulfide (µmol/g of fermentable DM) was increased (P < 0.001), and total gas production tended (P = 0.09) to be increased with additional S; however, IVDMD was not affected by added S (P = 0.90). Production of H 2 S was not affected by ionophores or antibiotics (P > 0.18). On average, IVDMD (P = 0.05) was greater for ionophores than for antibiotics, whereas total gas production was less for ionophores than for control (P < 0.001) and antibiotics (P < 0.001). Molar proportions of acetate (P < 0.01) and acetate:propionate (P < 0.01) were decreased and propionate was increased (P < 0.001) in ionophore treatments when no S was added, but when S was added there were no differences (P > 0.20) in acetate, propionate, or acetate:propionate between ionophores and control (S × treatment interaction, P = 0.03). In Exp. 2, the effects of ionophore-antibiotic combinations with added S were examined using the same procedures as in Exp. 1. Treatments were control, monensin plus tylosin (MT), and lasalocid plus chlortetracycline (LCTC), with concentrations of the ionophores and antibiotics as in Exp. 1. No differences were observed among treatments for H 2 S production (P > 0.55). Treatments MT and LCTC tended (P = 0.06) to increase IVDMD and decreased (P = 0.02) gas production vs. control. Proportion of acetate (P = 0.01) and acetate:propionate (P < 0.01) were decreased and propionate increased (P = 0.01) for both MT and LCTC compared with control. These data suggest that when S is approximately 0.42% of substrate DM, the 3 ionophores and 2 antibiotics we evaluated did not affect production of H 2 S gas in an in vitro rumen culture system.
INTRODUCTION
Sulfur is an essential mineral consumed by livestock via water, mineral salts, grains, forages, molasses, and ethanol coproducts. Typical forms consumed are elemental S, sulfates, and S in AA. The recommended minimum and maximum dietary S concentrations for beef cattle are 0.14 and 0.40% of the DM (NRC, 2000) . Metabolism of S in ruminants has gained interest of late, particularly in geographical areas where increased concentrations of S in water have been a problem for feedlot producers (O'Toole et al., 2003) , as well as with use of distillers grains in feedlot diets.
Ingestion of excess S is thought to be partly responsible for polioencephalomalacia (PEM) in cattle (Kung et al., 2000) . Symptoms of PEM include increased res-piration, decreased feed intake, listlessness, muscular incoordination, progressive blindness, and cerebrocortical necrosis (Gould, 1998) . Also, when sulfides resulting from reduction of S by ruminal bacteria are not absorbed across the rumen wall, they can be eructated and inhaled, potentially leading to respiratory irritation and inflammation.
Because S is reduced to potentially harmful sulfides by ruminal microbes, researchers have speculated that ionophores and antibiotics might affect ruminal sulfide production. Kung et al. (2000) examined effects of ionophores and antibiotics on H 2 S production in vitro and observed decreased H 2 S production when chlortetracycline, oxytetracycline, and anthraquinone were added. In addition, they noted increased H 2 S production with monensin (5 mg/L). Kung et al. (2000) suggested that interactions between S-metabolizing microbes and methanogens might be responsible for the effect of monensin.
Little information is available concerning effects of ionophores and antibiotics on S metabolism in the rumen. The objective of our study was to evaluate effects of ionophores and antibiotics on in vitro H 2 S production, total gas production, and IVDMD in cultures with a steam-flaked corn-based substrate.
MATERIALS AND METHODS
Feed and water were provided for ad libitum intake, and animal care procedures were reviewed and approved by the Texas Tech University Animal Care and Use Committee.
Ruminal Fluid Collection
In both Exp. 1 and 2, ruminal fluid was obtained approximately 4 h after feeding from 2 Jersey steers (BW = 279 kg) fitted with a 7.62-cm ruminal cannula and housed at the Texas Tech University Burnett Research Center in New Deal, TX. The steers were fed a 75% concentrate diet based on steam-flaked corn, cottonseed meal, ground alfalfa hay, and cottonseed hulls, with no ionophore or antibiotic added. The steers were adapted to the experimental diet for 28 d before the first collection of ruminal contents and remained on the diet throughout the sampling period.
At the time of sampling, ruminal fluid was sampled from the 2 steers, blended together, strained through 4 layers of cheesecloth, and immediately placed in a sealed thermos for transport to the Texas Tech University Ruminant Nutrition Laboratory. Within approximately 30 min after sampling, the fluid was used for the culture inoculum.
Substrate
Samples of steam-flaked corn (87.55% of substrate DM) and cottonseed meal (12.0% of substrate DM) obtained from the Texas Tech University Burnett Center were combined with urea (0.45% of substrate DM) and ground in a Wiley Mill to pass a 2-mm screen for use as the in vitro culture substrate. Substrates were sent to a commercial laboratory for analysis (SDK Laboratories, Hutchinson, KS) and were found to contain 15.2% CP, 0.05% Ca, 0.24% P, 0.49% K, and 0.17% S (DM basis; substrate was 90.7% DM).
Treatments
In Exp. 1, treatments were arranged in a 2 × 6 factorial (added S or no added S and 6 ionophore-antibiotic treatments). The ionophore-antibiotic treatments consisted of control (no ionophore or antibiotic), laidlomycin propionate potassium (Laid; Alpharma Animal Health Division, Bridgewater, NJ; 1.65 mg/L of culture volume), lasalocid sodium (Las; Alpharma Animal Health Division; 5 mg/L of culture volume), monensin sodium (Mon; Sigma-Aldrich Co., St. Louis, MO; 5 mg/L of culture volume), chlortetracycline hydrochloride (Chlor; MP Biomedicals LLC, Solon, OH; 5 mg/L of culture volume), and tylosin tartarate (Tyl; MP Biomedicals LLC; 1.25 mg/L of culture volume). Concentrations of ionophores and antibiotics used in the current study are similar to those used in other in vitro studies with ionophores (Duff et al., 1994; Domescik and Martin, 1999; Kung et al., 2000) . The S source was sodium sulfate diluted to a 2.5% (wt/vol) solution in distilled water, which was added at a rate of 1.75 mg of S/L of culture volume to provide an S concentration equivalent to 0.42% of the dietary DM. As noted previously, cultures without added S had a substrate S concentration of 0.17% of the DM. The Laid, Las, and Mon solutions were prepared by diluting each ionophore in 95% ethanol for addition to the culture vials, whereas the Chlor and Tyl solutions were prepared by diluting each compound in distilled water.
Treatments in Exp. 2 consisted of control (no added ionophore or antibiotic), monensin plus tylosin (MT; 5 mg/L culture of volume of monensin and 1.25 mg/L of culture volume of tylosin), and lasalocid plus chlortetracycline (LCTC; 5 mg/L of culture volume of lasalocid, and 5 mg/L of culture volume of chlortetracycline). All cultures in Exp. 2 had S added at 1.75 mg/L of culture volume.
Gas Production and H 2 S Concentration Measurements
Approximately 700 mg of substrate (as-is basis) were weighed to the nearest 0.1 mg and placed in a 125-mL serum vial, with 310 µL of distilled water or sodium sulfate solution. In Exp. 1, each vial received the following volumes for addition of treatments: 100 µL of distilled water and 100 µL of ethanol (control), 100 µL of the ionophore solution and 100 µL of distilled water (Laid, Las, and Mon), or 100 µL of antibiotic solution and 100 µL of ethanol (Chlor and Tyl), such that total culture volume was equal among treatments. In Exp. 2, each vial received 700 mg of the same substrate used in Exp. 1 with 310 µL of the sodium sulfate solution. Additionally, the following volumes were added to each vial for the treatments: 100 µL of ethanol and 100 µL distiller water (control), 100 µL of the monensin solution, and 100 µL of the tylosin solution (MT), or 100 µL of the lasalocid solution and 100 µL of the chlortetracycline solution (LCTC). Fifty milliliters of 3:1 McDougall's buffer (McDougall, 1948; prewarmed to 39°C, pH 7.0) :ruminal fluid inoculum were added to each serum vial, after which the vial was flushed with CO 2 and closed with butyl rubber stoppers and a crimp seal (125-mL serum vials, Wheaton Science Products; Millville, NJ). The vials were then incubated for 24 h at 39°C under constant agitation (100 rpm; Lab Line Environ-Shaker, Lab-Line Instruments Inc., Melrose Park, IL). After incubation, the volume of total gas produced was measured via water displacement by puncturing the butyl rubber stopper with a 14-gauge needle connected to a 250-mL inverted buret. In Exp. 1, gas production measurements were conducted in duplicate vials, and the procedure was replicated on 2 separate days, whereas in Exp. 2, measurements were obtained from 7 vials per treatment within each run.
The method for measurement of H 2 S was similar to that described in Kung et al. (1998) . After gas production measurements were obtained by water displacement, a 5-mL sample of gas from the head space of each vial was sampled using a tuberculin syringe fitted with a 21-gauge × 3.8-cm needle. Collected gas was then bubbled through 5 mL of alkaline distilled water (prepared by adding 0.1 M NaOH to distilled water to reach a pH of 8) contained in 16-mm × 100-mm evacuated serum tubes (Becton-Dickinson, Franklin Lakes, NJ). A ferric chloride solution was prepared by diluting 2.7 g of ferric chloride in 50 mL of 12 M HCl and bringing the solution volume to 100 mL with distilled water. In addition, a solution of N-N-dimethyl-p-phenylenediamine (DPD) was prepared (0.11 g of N-Ndimethyl-p-phenylenediamine in 100 mL of 2:1 H 2 SO 4 ). Five hundred microliters each of the DPD and the ferric chloride solutions were added to the evacuated tubes containing the gas sample in alkaline water and allowed to react for 30 min at 25°C. A standard curve was prepared by diluting 500 µL of RAD 171 (Radiello Methylene Blue Calibration Standard for H 2 S; Supelco Product No. RAD171, Bellefonte, PA) in 24.5 mL of distilled water, resulting in a concentration of 1.145 µg/ mL of S 2− . This initial solution was further diluted, such that standard solutions were created with concentrations of 0.859, 0.573, and 0.286 µg/mL of S 2− . The blank was prepared by the addition of 500 µL of DPD and ferric chloride solutions to 5 mL of alkaline water. Standard and sample solutions were read in a Beckman DU-50 series spectrophotometer (Beckman Instruments Inc., Irvine, CA) at 665 nm (AGA, 1965) . The standard concentrations of S 2− in the standards was divided by 0.941 (percentage of S in H 2 S), and a regression equation from the standard concentrations and absorbance values were used to calculate the H 2 S concentration (µg/mL) in each culture vial.
In Vitro DM Disappearance and H 2 S Production Calculations
For the IVDMD analysis in both experiments, 500 mg of substrate weighed to the nearest 0.1 mg was placed in a 50-mL plastic centrifuge tube. Treatments were added as noted previously for the gas production procedure, except that the volumes of water and ethanol were scaled down from 100 to 70 µL. In addition, distilled water or the S solution was added to the respective tubes at 220 µL. This mixture was then combined with 35 mL of McDougall's buffer and ruminal fluid (3:1 ratio), flushed with CO 2 gas, sealed with No. 5 1/2 rubber stoppers that had a 16-gauge needle inserted through the stopper for gas release, and incubated for 24 h at 39°C under constant agitation in a water bath (Precision Model 25 Reciprocal Shaking Bath; Precision Instruments, Winchester, VA). In Exp. 1, 2 duplicate, 50-mL centrifuge tubes (7 tubes in Exp. 2) were used for each incubation time along with 4 blank tubes (no substrate) per run. After the initial 24-h incubation period, each sample was centrifuged for 15 min at 10°C and at a rate of 2,000 × g, and the supernatant fluid was removed and discarded. The residue was then incubated in 35 mL of acidified pepsin solution at 39°C for 48 h. The pepsin solution was prepared by diluting 7.92 g of pepsin (1:2,500 pepsin from porcine stomach mucosa; Sigma-Aldrich Inc.) in 900 mL of distilled water and 100 mL of 1 M HCl. Following the pepsin incubation, the tube contents were filtered (Whatman 541, 150-mm ashless filter paper; Whatman International Ltd., Maidstone, UK), and the filter paper and residue were then dried in a forced-air oven for 24 h at 100°C and subsequently weighed to determine the residue dry weight. The DM content of the substrate was determined by drying at 100°C in a forced-air oven for 24 h, and the fraction of IVDMD for each tube was calculated by subtracting the dry residue weight (corrected for the blank) from the dry substrate weight and dividing by the dry weight of substrate. As with gas production measurements, IVDMD analyses were replicated on 2 separate days.
The average fermentable substrate DM content was calculated by multiplying the DM substrate in each 125-mL serum vial by the average IVDMD value for each treatment. For calculation of H 2 S production, the H 2 S concentration in each vial was multiplied by the total gas production during the 24-h period for the vial (µmol/24 h of incubation) and divided by the total fermentable substrate DM added to each culture vial, resulting in an estimate of H 2 S production/g of fermentable DM over the 24-h incubation.
VFA Analysis
The contents of each 125-mL serum vial from the gas production phase of the experiment were retained, and 500 µL of 3.6 M H 2 SO 4 was added to stop fermentation. These samples were frozen and subsequently analyzed by GLC for VFA concentrations (Shimadzu GC-8A; Shimadzu Scientific Instruments Inc., Columbia, MD; Supelco SP-1200, 2 m × 5 mm × 2.6 mm glass column). Sample preparation methods and analytical procedures were as described by Goetsch and Galyean (1983) .
Statistical Analyses
Both experiments were randomized complete block designs, with blocks represented by replications of the in vitro procedures conducted on 2 separate days. Differences among replicate flasks within a run were considered to measure sampling error, not experimental error. The data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC). In Exp. 1, the model included ionophore-antibiotic treatment, S, ionophoreantibiotic treatment × S, and block as fixed effects, with block × ionophore-antibiotic treatment × S specified as the error term. Preplanned nonorthogonal contrasts were used to compare control vs. the average of Chlor and Tyl; control vs. the average of Mon, Las, and Laid; and the average of Mon, Las, and Laid vs. the average of Chlor and Tyl. In Exp. 2, ionophoreantibiotic treatment and block were fixed effects, with block × ionophore-antibiotic treatment specified as the error term. Orthogonal contrasts were used to compare the average of the MT and LCTC vs. control and MT vs. LCTC. Contrasts with P-values between 0.05 and 0.10 were considered tendencies.
RESULTS AND DISCUSSION

Exp. 1
No interactions were detected between S and ionophore-antibiotic treatments for H 2 S, total gas production, or IVDMD (P > 0.53); therefore, only the main effects of S (Table 1 ) and treatments (Table 2) will be discussed for these measurements. As expected, there was an increase in H 2 S production with the addition of sodium sulfate to the cultures (P < 0.001, Table 1 ). Kung et al. (2000) also observed increased in vitro sulfide gas production in diets with an increased or decreased concentration of S (1.09 vs. 0.29% S). In our study, culture tubes that received added S (0.42 vs. 0.17% of the substrate DM as total S) produced a 3.5-fold increase in the amount of H 2 S per unit of fermentable DM.
In contrast to the effects of S on H 2 S production, no differences were detected (P = 0.90, Table 1 ) for IVD-MD as a result of adding S to the cultures. Although there are few data evaluating the effects of dietary S on IVDMD, Kung et al. (2000) observed no differences in total VFA production, and molar concentrations of acetate, propionate, and butyrate, between in vitro cultures with increased and decreased concentrations of S. Kung et al. (2000) did not report IVDMD and also used S concentrations that were more than twice those in the present study. Similar to our findings, Zinn et al. (1997) observed no difference in OM digestion in vivo by steers fed increasing dietary S concentrations (0.15, 0.20, and 0.25% dietary S). Although, there was no difference in IVDMD with high S treatments in our study, decreased performance with excessive S in beef cattle diets has been reported, which is likely attributable to decreased feed intake associated with increased ruminal sulfide concentration (Kandylis, 1984) . Increased ruminal sulfide concentration also has been reported to decrease ruminal motility (Kandylis, 1984) , which might alter nutrient digestibility by means that would not be detectable in an in vitro system.
Gas production tended to increase (P = 0.09, Table  1 ) over the 24-h period with the addition of S. Thus, there might be some effect of high dietary S on fermentative capacity of the ruminal microbes; however, it is difficult to envision potential mechanisms considering that there was no difference in IVDMD with added S.
No differences among the ionophore-antibiotic treatments were observed (P > 0.18, Table 2 ) for H 2 S production in the in vitro cultures. This finding is not consistent with the observations of Kung et al. (2000) , who reported that chlortetracycline (5 ppm) decreased in vitro H 2 S production relative to the control. Also, in Table 1 . In vitro H 2 S production, DM disappearance, and gas production of a steamflaked corn-based substrate with and without added S (Exp. Sodium sulfate added such that 0 or 1.75 mg of S/L of culture volume was provided in the gas production and IVDMD procedures. Because there were no ionophore-antibiotic treatment × added S interactions (P > 0.53), values shown are averaged over ionophore-antibiotic treatments. In vitro gas production after 24 h of incubation.
contrast to the results of Kung et al. (2000) , none of the 3 ionophore treatments affected H 2 S production relative to control (P = 0.87). It should also be noted that Kung et al. (2000) used a ground, early market lamb pellet as the substrate, whereas in our study steamflaked corn comprised the bulk of the substrate. Thus, differences between studies in gas production and VFA concentrations might also be partly attributable to differences in substrate fermentability. Cummings et al. (1995a) enumerated and isolated 13 sulfate-reducing bacterial species from steers with dietinduced PEM, and noted that all species generating H 2 S in culture were gram negative. Therefore, because several key sulfate-reducing bacterial species in the rumen are gram negative, it would seem logical that there would be little effect on H 2 S production by ionophores because these compounds typically have little effect on gram-negative bacteria (Bergen and Bates, 1984) . Kung et al. (2000) noted decreased sulfide production in cultures treated with the ionophore lasalocid, whereas in our study, no difference was observed between Las and control (Table 2 ). It should be noted that increased concentration of S in our study (equivalent to 0.42% of the substrate DM) was much less than that used by Kung et al. (2000; 0.29% in the low-S substrate and 1.09% in the high-S substrate). It might be possible that with greater concentrations of S, interactions occur that would not be present with concentrations that are closer to physiological conditions.
Considering that excess sulfide may be toxic to some microbial species within the rumen, presumably S concentrations exceeding physiological conditions may provide an environment promoting an ecological shift in bacterial species. Similarly, an increased sulfide concentration in addition to an ionophore may promote selection for bacteria that actually produce greater quantities of H 2 S gas. Cummings et al. (1995a) noted that sulfate reduction was not decreased when mixed cultures of nonsulfate-reducing bacteria were added to sulfate-reducing cultures, and that larger variations in sulfide production were noted at shorter incubation times. Variation in H 2 S production at various incubation times should be evaluated further, and studies investigating the change in H 2 S production over time might aid our understanding of the interactions of S and microbial populations in vitro. Differences in incubation time and S concentration also could play some role in the differences that we observed with respect to ionophores and H 2 S production compared with the results of Kung et al. (2000) .
Culture tubes with ionophore addition did not differ with respect to IVDMD compared with control (P = 0.16, Table 2 ). In contrast, Duff et al. (1994) reported increases (although not statistically significant) in IVDMD over a control treatment with the addition of lasalocid and monensin to cultures of nonadapted ruminal fluid.
The average total gas production for ionophore treatments was 5.9% less than that of control (P < 0.001, Table 2 ). Decreased total gas production noted in the current study is similar to that noted by Callaway and Martin (1996) , where in vitro cultures with added monensin had less total gas production than those not receiving monensin.
There was an interaction of S with ionophore-antibiotic treatments with respect to VFA proportions in Exp. 1; therefore, the results of treatment without added S (Table 3 ) and with added S (Table 4) are shown separately. With no added S in treatment cultures, molar proportions of acetate were decreased by ionophores compared with control (P < 0.01, Table 3 ) and antibiotics (P = 0.01, Table 3 ). Similar results for acetate were noted by Duff et al. (1994) between the ionophores monensin and lasalocid compared with a control treatment, but our results differ from those of Domescik and Martin (1999) and Fuller and Johnson (1981) , who reported no changes in acetate proportions with ionophores vs. control. Proportions of propionate Table 2 . The effects of the ionophores monensin, lasalocid, and laidlomycin propionate and the antibiotics chlortetracycline and tylosin on in vitro H 2 S production, DM disappearance, and total gas production 1 (Exp. Sodium sulfate was added such that 0 or 1.75 mg of S/L of culture volume was provided in the gas production and IVDMD procedures. Because there were no treatment × added S interactions (P > 0.53), values shown are averaged over S concentrations. In vitro gas production after 24 h of incubation.
In vitro hydrogen sulfide production were increased for ionophore treatments vs. control (P < 0.001, Table 3 ) or antibiotic (P = 0.01, Table 3 ), and in antibiotic treatments (P = 0.02, Table 3 ) relative to control. Observations from the current study agree with those of Duff et al. (1994) regarding increased propionate with monensin treatment, but those authors did not report increases in propionate for lasalocid. Similar to our findings, Domescik and Martin (1999) and Fuller and Johnson (1981) noted increased propionate production with monensin, laidlomycin, and lasalocid relative to cultures with no ionophore. The changes in acetate and propionate led to a decreased acetate:propionate ratio (A:P) for ionophore treatments compared with control (P < 0.01, Table 3 ) and antibiotic (P = 0.03, Table 3 ).
Molar proportions of isobutyrate tended to be decreased in both the ionophore (P = 0.08, Table 3 ) and antibiotic (P = 0.06, Table 3 ) treatments when compared with control. Without added S in the cultures, no differences were observed among treatments for proportions of butyrate, isovalerate, valerate, or total VFA concentration (P > 0.11). Table 4 for treatments with added S. S × treatment interaction (P < 0.03); see Table 3 for treatments without added S.
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A:P = acetate:propionate.
When S was added to cultures, a greater acetate proportion was noted in those treated with antibiotics compared with control (P = 0.05, Table 4 ) and ionophore (P < 0.001, Table 4 ). Interestingly, there was no difference in acetate between ionophore treatments and control (P > 0.20, Table 4 ). In contrast, proportions of propionate were less for antibiotic treatments than for control (P < 0.01, Table 4) or ionophore (P < 0.001, Table 4 ) treatments, with no difference between ionophore and control (P > 0.39, Table 4 ). Results from Exp. 1 of the current study are not consistent with the observations of Kung et al. (2000) , in which cultures treated with monensin and lasalocid had less acetate and greater propionate relative to control when the S content (1.09% S of DM) was increased. In the same increased-S conditions, Kung et al. (2000) noted decreased proportions of propionate in cultures treated with chlortetracycline or with tylosin compared with a control. In the present study, with shifts in acetate and propionate, antibiotic treatments had greater A:P ratios than control (P = 0.01, Table 4 ) and ionophore (P < 0.001, Table 4 ). In contrast, the A:P ratio did not differ for ionophore treatments relative to control (P = 0.64, Table 4) when S was added to cultures.
No differences were detected between treatments for proportions of isobutyrate (P > 0.12, Table 4 ) and valerate (P > 0.47, Table 4), or total VFA concentration (P > 0.81, Table 4 ). Similar to acetate, antibiotic treatments had greater proportions of isovalerate than control (P = 0.03, Table 4 ) and ionophore (P = 0.01, Table  4 ). Molar proportions of butyrate also were greater in the antibiotic treatments compared with ionophore (P = 0.05, Table 4 ) with added S in the cultures.
When evaluating VFA profiles, and in particular acetate and propionate proportions with and without added S, there was little difference between the average acetate (46.3 and 46.0% for with and without added S, respectively) and propionate (37.6 and 38.2% for with and without added S, respectively) for the ionophores. Thus, rather than additional S altering ionophore effects, the control treatment had an increased proportion of propionate with added S (36.9 and 33.8% for with and without added S, respectively, Tables 3 and 4), which resulted in a 1.31 (Table 4) A:P ratio in the high S treatments and a 1.50 (Table 3) A:P ratio in the control cultures without additional S. Possible factors that might be responsible for the greater molar proportions propionate in the control treatment when S was added are not readily evident, and there were no appreciable shifts in other VFA with the control treatment when S was added. As will be discussed in a subsequent section, however, in Exp. 2, in which all cultures had added S, a substantial increase in the proportion of propionate and a shift in A:P ratio were noted for the ionophore-antibiotic treatment combination cultures vs. the control cultures. Thus, further research is needed to evaluate the potential effects of added S on VFA proportions.
Exp. 2
In practice, ionophores are often combined with an antibiotic that has efficacy in decreasing liver abscesses. The combinations of MT and LCTC resulted in 8.5% less gas production than noted for the control treatment (P = 0.02, Table 5 ). These results support the findings of Exp. 1 with respect to the effects of ionophores on total gas production. Kung et al. (2000) did not report total gas production, and few studies have reported in vitro gas production with a combination of ionophores and antibiotics. Some studies have reported decreased methane production with monensin alone (Bergen and Bates, 1984; Domescik and Martin, 1999; Guan et al., 2006) or decreased in vitro gas production with a forage substrate (Min et al., 2005) , which might account, in part, for the results of our study. Decreased total gas production as a result of methane inhibition seems plausible considering the consistency of the gas production response in Exp. 1 and 2. Domescik and Martin (1999) reported that CH 4 decreased when in vitro cultures were treated with monensin (5 ppm) and inoculated with nonadapted or adapted ruminal fluid. A substantial shift in VFA ratios and an associated decrease in CH 4 production could perhaps account for decreased total gas production. For example, based on calculations of CH 4 and CO 2 production from VFA proportions using the fermentation balance method described by Wolin (1960) , ionophores decreased CH 4 by 17% vs. control without added S in Exp. 1 (data not shown). Likewise, calculated CO 2 was 4.7% less in cultures without added S that were treated with ionophores compared with control cultures. In cultures with added S, however, CH 4 was decreased by only 3.2%, and CO 2 was not different when S was added to cultures. In Exp. 2, treatment of cultures with ionophore-antibiotic combinations resulted in less CH 4 (21.7%, data not shown) than for control cultures; however, CH 4 and CO 2 did not differ between the MT and LCTC treatments. Calculated CO 2 also was decreased by 6.7% when cultures were treated with either combination of ionophoreantibiotic vs. control. Thus, less gas production noted with the combination ionophore-antibiotic treatments might be partially attributable to predicted changes in CH 4 and CO 2 production. Owens and Goetsch (1988) suggested that gases calculated from VFA profiles (CH 4 and CO 2 ) are representative of actual gas production. Nonetheless, without directly measuring CH 4 and CO 2 production, it is not possible to definitively conclude that these changes are responsible for the effects we noted on total gas production.
In vitro DM disappearance tended (P = 0.06, Table  5 ) to be greater for the mean of MT and LCTC compared with the control treatment. This is similar to the findings of Duff et al. (1994) , in which in vitro cultures treated with monensin and lasalocid had numerically greater IVDMD than control cultures following a 24-h incubation. In the present study, no difference was de-tected in IVDMD between MT and LCTC (P = 0.51, Table 5 ).
No treatment differences were detected (P > 0.55, Table 5 ) for H 2 S production. Results from the current study are similar to those reported by Kung et al. (2000) , in which H 2 S production was intermediate for a combination of monensin and tylosin compared with each of the compounds singularly, but similar to the high-S control.
The MT and LCTC treatments decreased proportions of acetate, increased propionate, and decreased A:P (P = 0.01, Table 6 ). Kung et al. (2000) reported similar observations with a combination of monensin plus tylosin with increased S added, but did not compare combinations of lasalocid and chlortetracycline. No differences were detected between ionophore-antibiotic combinations and control for proportions of isobutyrate and valerate and total VFA concentration (P > 0.10, Table 6 ), but butyrate tended (P = 0.08, Table  6 ) to be less in the 2 combination treatments than in control. Kung et al. (2000) also observed decreased butyrate proportions with monensin plus tylosin relative to control, but these authors did not report values for branched-chain VFA. Molar proportions of isovalerate tended to be less (P = 0.06, Table 6 ) for MT and LCTC vs. control and were less (P = 0.02, Table 6 ) for LCTC than for MT. Cummings et al. (1995b) reported that microbes isolated from cattle with diet-induced PEM had an increased capacity to generate H 2 S in ruminal fluid cultures only after the animals had been fed a high-S diet for approximately 10 to 12 d. These authors suggested that ruminal microbes might need some adaptation period to increased dietary S before achieving Table 5 . The effects of combinations of monensin plus tylosin and lasalocid plus chlortetracycline on in vitro H 2 S production, IVDMD, and total gas production in vitro with added S 1 (Exp. Sodium sulfate added such that 1.75 mg of S/L of culture volume was provided in the gas production and IVDMD procedures. In vitro gas production after 24 h of incubation. 1 Sodium sulfate added such that 1.75 mg of S/L of culture volume was provided in the gas production and IVDMD procedures. the ability to generate toxic concentrations of H 2 S in the animal. Loneragan et al. (2001) reported fluctuating responses in DMI when S in the drinking water was increased linearly, noting an initial increase in DMI early in the experimental period with increased total S consumption through the drinking water. Ultimately, over time, performance and intake decreased in treatments with increased S. These data suggest that there may be some adaptation or initial compensation by the microbial population in conditions of increased ruminal S concentrations. Considering the model in the current study, perhaps the concentration of H 2 S produced may have had been different in response to treatments had the ruminal fluid donor animals been fed a high-S diet before the in vitro procedures were conducted. Feeding excessive concentrations of S in diets of donor animals may present challenges, however, because of a possible decrease in intake and ruminal motility associated with greater H 2 S production. Rumsey (1978) fed diets with 9.8 g/kg of S and observed decreased performance by finishing cattle, which is similar to the results of Zinn et al. (1997) and Loneragan et al. (2001) . In contrast, Chalupa et al. (1971) fed purified diets up to 1.72% S without negative effects on performance by Holstein calves.
Overall, factors such as the diet of donor animals, form of S used in the in vitro cultures, concentration of S added, culture substrate, and the use of nonadapted vs. adapted ruminal fluid as inoculum may create interactions that could alter H 2 S production in vitro. One factor that might account for differences in results between our study and those of Kung et al. (2000) is the donor animal diets. In our study, donor animals were fed diets consisting of 75% concentrate (steam-flaked corn based), whereas Kung et al. (2000) fed donor animals diets that were a 50:50 blend of alfalfa hay and corn silage supplemented with 1 kg/d of a concentrate mix. Because donor animal diet would affect the microbial population within the rumen, this could account, at least in part, for the differences between the studies for the effects of treatments on H 2 S production. The current study was designed to simulate feeding conditions similar to those in commercial feedlot settings where high-concentrate diets would be fed, yielding comparable microbial populations in experimental cultures. Our findings suggest that ionophores or antibiotics do not seem to markedly affect in vitro H 2 S production when dietary S concentrations are on the upper end of the range that would be observed in practical feeding situations.
